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MinireviewTorsinA: Movement at Many Levels
typically between 5 and 20 years of age, a time associ-Xandra O. Breakefield,1,3 Christoph Kamm,1
ated with motor learning and high synaptic plasticity inand Phyllis I. Hanson2
the basal ganglia. A greater extent of physical involve-1 Molecular Neurogenetics Unit
ment with earlier onset of symptoms and a general pro-Department of Neurology
gression from lower to upper extremities suggest a tem-Massachusetts General Hospital
poral and topographic gradient of susceptibility withinHarvard Medical School
the brain. Progression of symptoms continues overBoston, Massachusetts 02129
about a five-year period from onset and then stabilizes,2 Department of Cell Biology and Physiology
with only a few cases of recovery described. If mutantWashington University School of Medicine
gene carriers pass the age of about 28 years withoutSaint Louis, Missouri 63110
onset, they usually escape the disease for their lifetime.
Given that torsinA is expressed in many tissues of the
human body with highest levels in liver (Ozelius et al.,
TorsinA is the causative protein in the human neuro- 1997), it is perplexing that the only medical phenotype
logic disease early onset torsin dystonia, a movement described in these patients is a neurologic syndrome.
disorder involving dysfunction in the basal ganglia In fact, cell-specific sensitivity to mutations in a variety
without apparent neurodegeneration. Most cases re- of ubiquitously expressed proteins has emerged as
sult from a dominantly acting three-base pair deletion more the rule than the exception in inherited neurologic
in the TOR1A gene causing loss of a glutamic acid diseases (Sherman and Goldberg, 2001). In the human
near the carboxyl terminus of torsinA. Torsins are brain, expression of the torsinA message is high in spe-
members of the AAA superfamily of ATPases and are cific sets of neurons, such as dopaminergic neurons in
present in all multicellular organisms. Initial studies the substantia nigra and neurons in the locus ceruleus,
suggest that torsinA is an ER protein involved in chap- cortex, hippocampus, and basal ganglia (Augood et al.,
erone functions and/or membrane movement. 1999). The loss of movement control may reflect a de-
pendence on torsinA function in specific neurons, com-
bined with a lack of compensating protein. ExpressionEnigmas of Dystonia
of the most closely related protein, torsinB, is high inThe dystonias are a relatively rare class of neurologic
liver but low in human brain. Alternately, affected neu-disease, affecting a few thousand patients worldwide,
rons may be more vulnerable. For example, dopaminer-with a number of intriguing features that have stymied
gic neurons are especially sensitive to oxidative stress,scientists and physicians. Affected persons have twisted,
and striatal interneurons undergo extensive arborizationcontracted posturing throughout the body, thought to be
during postnatal development.caused by unbalanced neurotransmission in the basal
What It Means to Be an AAA Proteinganglia. Early onset dystonia, the most common and
TorsinA and its related family members (Figure 1) are asevere form of these dystonic syndromes, is dominantly
newly discovered class of the ATPases associated withinherited with low penetrance. Many cases of early onset
a variety of cellular activities (AAA) proteins (Ozeliustorsion dystonia are caused by loss of a single glutamic
et al., 1997; Neuwald et al., 1999). AAA ATPases are aacid residue near the carboxyl terminal region of torsinA
superfamily of proteins spanning all species, which(Ozelius et al., 1997). Although this form of dystonia
share Mg2-ATP binding domains, an AAA-specific re-can be physically incapacitating and last the life of the
gion of homology, and a typical six-membered oligo-individual, there are no signs of neurodegeneration in
meric ring structure (reviewed in Vale, 2000). Membersthe brains of these patients (Hedreen et al., 1988), in
of the AAA family are typically chaperone proteins,contrast to other movement disorders, such as Hunting-
which mediate conformational changes in target pro-ton’s disease and Parkinson’s disease. This suggests a
teins. The cellular arenas in which they function areperpetuating form of neuronal dysfunction, rather than
multitudinous, including protein folding and degrada-actual loss of neurons. Another form of dystonia with a
tion, membrane trafficking, vesicle fusion, cytoskeletalsimilar clinical phenotype, dopa-responsive dystonia, is
dynamics, and organelle biogenesis. Well-known mem-caused by insufficient synthesis of dopamine and can
bers include N-ethylmaleimide-sensitive factor (NSF),
be treated effectively with L-dopa (Segawa, 2000). DYT1
which is essential for vesicle fusion events throughout
patients remain virtually untreatable, but the similarity
the cell, including that between synaptic vesicles and
of symptoms suggests that the same pathways are in- plasma membrane in nerve terminals (Hanson et al.,
volved. 1997); cytoplasmic dynein, which is a microtubule-
Individuals who inherit the GAG deletion in one allele based motor involved in organelle movement (Asai and
of the TOR1A (DYT1) gene have about a 30% chance Koonce, 2001); and various Clp/Hsp100 proteins, which
of becoming dystonic (Bressman et al., 2000). It is not are implicated in promoting protein folding, renatu-
known what environmental or genetic factors “tip the ration, and degradation (Wickner et al., 1999).
balance” for these individuals. Onset of dystonic symp- While torsinA and its relatives have an as-yet-unde-
toms occurs during a postnatal window of development, fined role in the cell, their sequences and membership
in the AAA family offer some clues to their structure
and possible function. TorsinA appears to be an ER3 Correspondence: breakefield@helix.mgh.harvard.edu
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Figure 2. Early Embryogenesis in C. elegans
Anterior is to the left. (A) Both the AB and the P1 cells inherit a
centrosome that duplicates, and the daughter centrosomes (open
circles) migrate (arrows) to opposite sides of the nucleus (solid
circles). (B) In the P1 cell, the centrosome-nuclear complex under-
goes a 90 rotation (arrows) oriented toward an anterior cortical site
(gray oval). (C) This results in alignment of the P1 spindle along the
Figure 1. Phylogenetic Relationships among Torsins and Related anterior-posterior axis of the embryo. (Modified from Basham and
Proteins Rose, 1999.)
Torsins and torsin-related proteins (torps) revealed by cloning and
database searches are shown in an unrooted tree with the length of
connecting lines indicating their evolutionary distance. The current
domain. This makes the search for torsin interactingnomenclature is modified from Ozelius et al. (1999). (HSP104 and
proteins all the more critical in efforts to define the path-HSP101 are Clp/Hsp100 proteins.)
way(s) in which this protein family functions.
The Torsin Gene Family and Members of Note
Four homologous mammalian torsins have been foundluminal protein with an N-terminal signal sequence and
potential membrane-spanning domain (Ozelius et al., by cloning or database searches: torsinA, torsin B (70%
identical to torsinA), torp2a, and torp3a (both 50%) (Fig-1997; Hewett et al., 2000; Kustedjo et al., 2000). Its high
mannose glycosylation pattern is consistent with this ure 1). Related coding sequences have been found in
Drosophila (torp4a), nematodes (OOC-5, Y37A1B.12,predominant ER localization, but does not exclude ac-
tions outside of this domain. Like other AAA proteins, and Y37A1B.13), and zebrafish (torsinC), but not as yet
in yeast or prokaryotic genomes. The apparent emer-torsins are likely to function as oligomeric ATPases and
may use nucleotide-driven conformational changes to gence of the torsins with metazoans in evolution sug-
gests a function critical to multicellular organisms. Thepromote rearrangements or movement within their still-
unknown target molecules. Such movement by other function and precise localization of all these proteins
remain to be elucidated. Most have predicted N-terminalAAA ATPases leads to anything from subtle conforma-
tional changes to complete unfolding of the target mole- signal sequences, suggesting localization to the lumen
of the secretory pathway. For OOC-5, and for one of thecules or protein complexes. A particularly critical func-
tion for such ATPases in membrane trafficking is the closest non-torsin relatives in the AAA family, SKD3,
hints to localization and function have recently emerged.dissociation of otherwise stable protein–protein interac-
tions, such as those between the SNARE proteins The most thought-provoking member of the torsin
family is OOC-5, a protein critical for rotation of thethought to drive membrane fusion, in a temporally and
spatially controlled manner. An interesting difference nuclear-centrosome complex during early embryogene-
sis in nematodes (Basham and Rose, 1999). In nema-between torsinA and other AAA proteins is the relative
lack of a sizeable and obvious substrate binding domain todes, as in other multicellular organisms, asymmetric
cell divisions require the establishment of an axis ofor other functional region on either end of the ATPase
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Figure 3. Hypothetical Models of Dominant
Effects of GAG-Deleted TorsinA
TorsinA monomers (gray balls) are predicted
to from a six-membered doughnut-like ring
structure within the lumen of the ER. Mono-
mers may be tethered to the ER membrane
via hydrophobic sequences in the N terminus
(Ozelius et al., 1997). The loss of the glutamic
acid residue (red dot) in the C-terminal (blue
line) of one or more subunits might act to
disrupt closure of the ring (top) or interaction
with a partner protein (pink balls; bottom).
polarity, which depends on the correct formation of cor- by a potassium transport mutant in yeast and also by
its upregulation in mice with a disruptive knockout muta-tical domains, i.e., regions of the cell cortex containing
specialized sets of proteins. In C. elegans embryos, tion in the gene for the adenine nucleotide translocator
(Murdock et al., 1999). SKD3 is a nuclear encoded pro-these cortical domains are defined by the PAR (for parti-
tioning defective) proteins. Mutations in OOC-5, as well tein with a mitochondrial targeting motif at its N termi-
nus, followed by four ankyrin-like repeats and a C-termi-as in another protein, OOC-3, were isolated on the basis
of a defect in the 90 rotation of the nuclear-centrosome nal domain with approximately 60% identity with the
Clp/Hsp104 family of proteins. SKD3 is synthesized atcomplex during prophase in the P1 blastomere preceed-
ing the second asymmetric cell division (Basham and high levels under conditions of energy deficiency, which
suggests a possible role in mitochondria biogenesis.Rose, 1999; Pichler et al., 2000). This precise rotation
depends on the actin cytoskeleton, PAR proteins, and Interestingly, two forms of dystonia, Leber’s optic atro-
phy and deafness-dystonia, also result from mutationsinteractions between astral microtubules and the cortex
(Figure 2). A defect in rotation results in misorientation that compromise mitochondrial functions (Jun et al.,
1994; Koehler et al., 1999).of the mitotic spindle and subsequently disruption of
asymmetric cell division and cell fate determination. How Could Mutant TorsinA Contort a Neuron?
Only two spontaneous mutations have been found inOOC-3 and OOC-5 are required for correct localization
of the PAR proteins specifically at the two-cell stage, torsinA—the GAG deletion and an in-frame 18-base pair
deletion, both resulting in loss of internal amino acidswhich forms the basis for controlling spindle orientation
and nuclear-centrosome complex rotation. OOC-3 is a in the carboxyl terminal region of the protein and both
associated with early onset torsion dystonia. If thesenovel transmembrane protein that localizes primarily to
a reticular membrane compartment, probably the ER, mutations prevent contact or communication between
homomers, even a single defective member of the pre-but whose subcellular distribution is dynamic over the
cell cycle with temporary enrichment at the circumfer- dicted six-member ring could block completion of the
ring needed for activity (Figure 3). Assuming equal levelsence of nuclei, cell–cell boundaries or the mitotic spindle
(Pichler et al., 2000). The relationship between OOC-5 of mutant and wild-type protein in cells, activity would
be decreased to less than 2% of normal levels, whichand OOC-3 is still unclear, but their involvement in this
pathway hints at a role for torsin-like proteins in events might be insufficient under certain conditions. Alter-
nately, mutant torsinA might have some novel functionleading to the establishment of cell polarity. Intriguingly,
two mammalian homologs of the PAR proteins, mPAR3 with a dominant-negative outcome. When expressed at
high levels in cultured cells, the GAG-deleted, but notand mPAR6, have recently been shown to be expressed
at high levels in adult rat cortex, hippocampus and stria- wild-type, torsinA forms membrane whorls, apparently
derived from the ER and frequently associated with thetum (Lin et al., 2000), regions that express high levels
of the TOR1A (DYT1) mRNA in human brain (Augood et nuclear membrane (Hewett et al., 2000; Kustedjo et al.,
2000). If such mutant-derived whorls were to form inal., 1999). Both proteins are enriched in the synapto-
somal fraction, consistent with a possible function in neurons, they might physically disrupt or divert mem-
brane trafficking, which might interfere with generationneuronal communication in the brain.
One distant cousin of torsinA, mouse SKD3, was iden- and maintenance of appropriate synaptic connections
associated with plasticity.tified by its ability to suppress the growth defect caused
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